We examined the effects of three foliar potassium concentrations (high, intermediate and low) on the morphology, ultrastructure and polyamine concentrations of currentyear and 1-and 2-year-old needles of 30-year-old Scots pine (Pinus sylvestris L.) trees. Foliar K concentration had only a slight effect on needle morphology. The sclerenchyma cell walls were thinner, the xylem area was larger, and the resin ducts were smaller in needles with a low K concentration than in needles with a high or intermediate K concentration. In addition, the bundle sheath cells were collapsed in needles having a low K concentration. The secondary growth of phloem tissue and the mesophyll area were greater in needles with a high or intermediate K concentration than in needles with a low K concentration, possibly indicating greater production of photoassimilates in these trees. At the ultrastructural level, mesophyll cells with enlarged central vacuoles and small vacuoles containing electron-dense material were common in needles having a low K concentration. Enlargement of the central vacuole coincided with an exponential increase in putrescine concentration in needles with a low K concentration, suggesting that the central vacuole may function as a storage site for putrescine.
Introduction
Potassium (K) is characterized by high mobility in plants; however, K uptake by plants is highly selective and closely coupled with metabolic activity (Marschner 1995) . Potassium has important roles in enzyme activation, osmoregulation and carbohydrate translocation in plant cells (Lüttge and Clarkson 1989) . There is evidence that cell extension is related to the K content of leaves. Thus, leaf area, cell size and turgor are lower in expanding leaves of bean plants suffering from K deficiency than in expanding leaves of bean plants well-supplied with K (Mengel and Arneke 1982) . Although there have been no studies of the morphological responses of conifer needles to K deficiency, Holopainen and Nygren (1989) reported that K deficiency results in specific ultrastructural changes in Scots pine seedlings including extension of the vacuolar system, injuries to the tonoplast structure and increased deposition of cytoplasmic lipids. However, it is not known whether similar ultrastructural changes also occur in K-deficient needles of different age classes in mature Scots pine trees.
A foliar K concentration of 3.5--4.0 mg g DW −1 is indicative of severe K deficiency in Scots pine (Pinus sylvestris L.) during the nongrowing period (Paarlahti et al. 1971) . Throughout the year, the characteristic biochemical response of Scots pine to K deficiency is the accumulation of putrescine (Sarjala and Kaunisto 1993) . Although putrescine accumulation is considered indicative of K deficiency, it has also been shown to occur in response to various other stresses (Flores 1991 ). The present study was undertaken to determine whether K deficiency induces morphological and ultrastructural changes in needles of different age classes in mature Scots pine trees. Specifically, we tested the hypotheses that (1) foliar K concentrations alter both the ultrastructure and morphology of Scots pine needles and (2) there is a close relationship among needle microscopic structure and foliar K and putrescine concentrations.
Materials and methods

Site description and foliar sampling
Scots pine needles were collected in August 1992 from a fertilization experiment located at Kuru (61°55′ N, 23°44′ E) in western Finland. The site is an ombrotrophic, low-sedge open bog with a deep peat layer. It was fertilized in 1967 with 800 kg ha −1 of rock phosphate (P 115 kg ha ). Severe potassium deficiency symptoms were observed in the late 1980s and a potassium refertilization trial was established in 1989 with seven treatments: unfertilized and phosphorus fertilized controls, four potassium sources of different solubility (KCl, K 2 CO 3 , KPO 3 , biotite) and a mixture of KCl and biotite (Sarjala and Kaunisto 1993) . Plot mean height ranged from 4 to 6 m.
According to earlier observations (Sarjala and Kaunisto 1993) , the needles of trees in the different plots differ widely in K and polyamine concentrations. On the basis of these results, we selected a subset of 25 trees for foliar polyamine and nutrient analyses, of which three sets of five trees repre- ) and low (< 3.0 mg g DW −1
) needle K concentrations were selected for microscopy studies of needle morphology and ultrastructure in August 1992. Needles of the selected trees sampled for the microscopy studies were generally green, but some older needles with low K concentrations often exhibited yellow tips. The polyamine, K, N and P concentrations of current-year (c), 1-year-old (c + 1) and 2-year-old (c + 2) needles were analyzed. Because needles for nutrient analyses are usually collected during the nongrowing period, foliar sampling for polyamine and nutrient analyses was performed in December 1992 from the same 15 trees. The data obtained from the nutrient analyses were used to interpret the results of the microscopy studies. Additionally, needles were sampled in September 1995 for measurements of needle length, thickness and width and for potassium and putrescine analyses.
Nutrient analyses and foliar free polyamines
Needles for nutrient analyses were taken to the laboratory in plastic bags and stored at −20 °C until analyzed. Nutrients were analyzed by methods routinely used at the Forest Research Institute, Parkano, Finland as described by Halonen et al. (1983) . Total N was measured in oven-dried material by the Kjeldahl method. Dry-ashed material was used for the determination of K by flame atomic spectrophotometry (Varian AA-30) and for the spectrophotometric analysis of P.
Needle samples for polyamine analysis were kept in ice until taken to the laboratory and stored at −80 °C. Free polyamines (putrescine, spermidine and spermine) were extracted from the needle samples with 5% HClO 4 , dansylated and analyzed by HPLC as described by Sarjala and Kaunisto (1993) .
Sample preparation for microscopy studies
In August 1992, needles (c = current-year, c + 1 = 1-year-old and c + 2 = 2-year-old needles) for the microscopy studies were collected in test tubes containing 0.05 M sodium cacodylate buffer (pH 7) and 1.5% glutaraldehyde + paraformaldehyde prefixative. After prefixation, 0.5-mm-thick cross sections were cut from the middle portion of each needle, postfixed with OsO 4 and embedded in Ladd's Epon as described by Reinikainen and Huttunen (1989) . An ultramicrotome (Reichert Jung ULTRACUT E, Vienna, Austria) was used to cut semi-thin sections (1--3 µm) for the light microscopy studies and ultra-thin sections for electron microscopy (50--70 nm). The semi-thin sections were stained with toluidine blue and the ultra-thin sections were stained with lead citrate and uranyl acetate.
Needle morphology
Cross sections for light microscopy were taken from the middle of needles that were green and had no visible symptoms of nutrient deficiency. The total number of needles examined was 111, i.e., two to three needles per needle year and eight to nine needles per tree were observed. The samples were examined with a Nikon OPTIPHOT-2 light microscope, and morphological measurements were performed with a digital image analyzer (Microscale TM/TC, Digithurst Ltd., Royston, England) and a video camera (Hitachi KP-C571 CCD color camera). The needle morphological variables measured were: needle thickness, needle width, needle area, mesophyll area per needle area (%), epidermis + hypodermis area per needle area (%), central cylinder area per needle area (%), sclerenchyma cell wall thickness, phloem area per needle area (%), xylem area per needle area (%), bundle sheath cell index (radial width of bundle sheath cell/tangential width of bundle sheath cell measured on the adaxial side of needle cross sections), resin duct area per needle area (%, measured on the abaxial side of needle cross sections) and resin duct number per needle area (mm −2 ) (Figure 1 ). Phloem and xylem were observed in one of the two vascular bundles of the needle. The resin duct area was based on measurements of two resin ducts from the abaxial side of the needle. The compression and shrinkage of tissues during embedding in plastic and sectioning were assumed to be minimal and similar in all samples (Toth 1982) . Injured phloem cells in the vascular bundle were also determined. The swelling of parenchyma cells and collapse of sieve cells were regarded as phloem injuries (Fink 1991 , Jokela et al. 1995 .
In September 1995, current-year needles were collected from the same trees that were sampled in August and December 1992, and the length, thickness and width of the needles were measured with a digital caliper. Needles were collected from three trees from an unfertilized control plot and from three trees from a plot fertilized with KPO 3 . Measurements were made on 50 needles (one needle per fascicle) from current-year branches. Thickness and width were measured in the middle region of the needle and were, therefore, comparable with the image analysis measurements of needle thickness and width made on needle cross sections in August 1992 (Figure 1 ).
Observations at the ultrastructural level
Ultra-thin sections were examined by the scanning transmission electron microscope (JEM 100CX II, JEOL, Tokyo, Japan). Cell organelles and cytoplasm in mesophyll were examined in a total of 234 cells of 37 needles. The central vacuole and cytoplasm in transfusion parenchyma were examined in 34 cells of 12 needles. Altogether, one to two needles per needle year, and two to six needles per tree were studied.
Statistical analysis
The morphometric data were subjected to an analysis of variance (ANOVA), Kruskall-Wallis test and t-test using the SPSS-PC software package (Jandel Corp., San Rafael, CA). In all statistical analyses of the microscopic measurements, a tree-specific mean was used and four to five trees represented each K concentration. The polyamine and nutrient concentration data were subjected to linear and nonlinear regression analyses and variance analysis using the BMDP software package (University of California Press, Berkeley, CA). ) and N (% DW ) and on N/P, N/K and K/P ratios in Scots pine needles sampled from five trees per treatment in August and December 1992. Different letters within a row indicate significant differences between foliar K concentrations (P = 0.05). Needle age: c = current-year, c + 1 = 1-year-old, and c + 2 = 2-year-old needles. 1.08 ± 0.06 a 1.05 ± 0.09 a 1.38 ± 0.13 b 0.000 c + 2
1.08 ± 0.05 1.07 ± 0.12 1.24 ± 0.27 0.299 N/P c 6.9 ± 1.2 8.3 ± 0.5 7.9 ± 1.0 0.071 c + 1 8.0 ± 1.3 9.1 ± 1.1 9.7 ± 1.0 0.100 c + 2 8.4 ± 1.4 9.2 ± 0.9 12.3 ± 4.6 0.118 N/K c 2.0 ± 0.3 a 2.7 ± 0.3 b 5.3 ± 0.9 c 0.000 c + 1 2.3 ± 0.3 a 3.2 ± 0.5 b 5.7 ± 0.6 c 0.000 c + 2 2.7 ± 0.3 a 3.7 ± 0.4 b 6.8 ± 1.9 c 0.003 K/P c 3.5 ± 0.8 a 3.1 ± 0.4 a 1.5 ± 0.2 b 0.000 c + 1 3.5 ± 0.9 a 2.9 ± 0.6 a 1.7 ± 0.2 b 0.002 c + 2 3.5 ± 0. 
EFFECTS OF POTASSIUM ON SCOTS PINE NEEDLES
Results
Nutrient concentrations
Trees classified on the basis of an earlier study (Sarjala and Kaunisto 1993) as having high, intermediate or low foliar K concentrations fell into the same categories on the basis of measurements made in the present study (Table 1 ). In trees in the intermediate foliar K class, most macronutrients were present in optimal concentrations, with the exception that P concentration and the N/K ratio were well below optimum values (Table 1) . Optimum P concentrations were present in needles in trees of the high and low foliar K classes. Foliar N concentrations were below the deficiency limit in trees of the intermediate and high foliar K classes (N, N/P and N/K, Table 1 ), whereas the K/P ratio was in balance. The N/K and K/P ratios indicated a K deficiency in needles of trees in the low foliar K class. For both the August and December samplings, K and P concentrations decreased with increasing needle age. Both K and P concentrations were higher in December than in August for all needle age classes and for all foliar K classes.
Needle morphology
Foliar K concentration had only a slight effect on needle morphology. Needle thickness, width (Tables 2 and 3 ) and length (Table 3) were not significantly affected by foliar K concentration. Needles with a low K concentration had the largest needle area, whereas needles with a high K concentration had the largest relative area of mesophyll and the smallest central cylinder area (Table 2 ). The sclerenchyma cell walls were thinnest in needles with a low K concentration (FigTable 2 . Light microscopic image analysis measurements of needle morphological variables. Different letters within a row indicate significant differences between the foliar K concentration classes (P = 0.05). Needles were collected in August 1992. Needle age: c = current-year, c + 1 = 1-year-old, and c + 2 = 2-year-old needles; and n = number of trees observed. ure 2a) and thickest in 2-year-old needles with a high K concentration ( Figure 2b ; P = 0.026, Table 2 ). The phloem area was greater in 1-and 2-year-old needles than in current-year needles, and the difference was significant in needles with a high K (P = 0.025) or an intermediate K concentration (P = 0.022) but not in needles with a low K concentration (P = 0.098). In contrast, needle age and foliar K concentration had few significant effects on xylem area, although xylem area was larger in needles with a low K concentration than in needles with an intermediate or a high K concentration. When calculated in relation to the central cylinder area, the phloem and xylem areas showed the same relationship as for whole needle area (data not shown). There was no relationship between phloem cell injury and foliar K concentration.
The bundle sheath cell index was smallest (radial to tangential width of cell was smaller) in needles with a low K concentration and was independent of needle age (Table 2 ). In needles with a low K concentration, the bundle sheath cells were collapsed (Figure 2c ), whereas the bundle sheath cells were normal in shape in needles with a high K concentration (Figure 2d) . The resin duct area was smallest in current-year and 1-year-old needles with a low K concentration, and the number of resin ducts was smallest in needles with a low K concentration and was independent of needle age.
Observations at ultrastructural level
Ultrastructural observations of the mesophyll (Table 4) revealed an enlarged central vacuole in current-year and 1-and 2-year-old needles with a low K concentration. Proliferation of the tonoplast was slightly less frequent in needles with a low K concentration than in needles with an intermediate or high K concentration. The formation of small vacuoles with electron-dense material in mesophyll cells (Figure 3a ) was observed in needles with a low or high K concentration, but not in needles with an intermediate K concentration. Sometimes, these small vacuoles gave the cell a vesiculated appearance (extensive vesiculation in Table 4 ) (Figure 3b ). The swelling of chloroplast thylakoids and occurrence of lipid accumulations in the cytoplasm were abundant and independent of foliar K concentration. Lipid accumulations were often adjacent to the tonoplast (Figure 3c ). Slight mitochondrial swelling was observed in the 2-year-old needles with a low or high K concentration. Cytoplasmic lipid accumulations in the transfusion parenchyma occurred slightly more frequently in needles with a low K concentration than in needles with an intermediate or high K concentration (Figure 3d ), whereas an enlarged central vacuole in transfusion parenchyma cells was observed at all foliar K concentrations.
Free polyamine concentrations
Polyamine analysis of current-year and 1-and 2-year-old needles of the 25 selected trees indicated a negative correlation between putrescine and K concentrations that declined with needle age (regression analysis: current-year needles y = 22191 x and r 2 = 0.554, 2-year-old needles y = 9154 x −2.97 and r 2 = 0.313; x = K concentration and y = putrescine concentration). In 1992, putrescine concentrations in needles with a low K concentration were significantly higher than putrescine concentrations in needles with an intermediate or high K concentration (Figure 4 ). Spermidine and spermine concentrations were lower in needles with a low K concentration than in needles with an intermediate or high K concentration (Figure 4) . The changes in polyamine concentration in response to foliar K concentration were independent of needle age and were observed in both August and December, except for spermine concentration, which was lower in December than in August for all needle age classes. In September 1995, putrescine concentration in needles with a low K concentration was higher than in needles with a high K concentration (Table 3), but the difference was not statistically significant.
Discussion
Foliar K concentration had only slight effects on needle length, thickness and width. The higher proportion of the mesophyll area in needles with a high K concentration may indicate that these needles had a high photosynthetic potential, which in turn may have affected tree growth. Potassium fertilization has been shown to increase the volume growth and basal area of Scots pine growing on peatlands (Kaunisto 1989) . Moreover, Baillon et al. (1988) reported that photosynthetic rates were lower in K-deficient Norway spruce seedlings than in seedlings receiving an adequate supply of K; however, in Scots pine seedlings, photosynthetic rate was not inhibited until foliar K concentration was reduced to 2.4 mg g DW −1 (Nygren and Hari 1992) . Neither photosynthesis nor tree growth was measured in our study. The thin cell walls of the sclerenchyma tissue in 2-year-old needles with a low K concentration may indicate injury similar to that found in needles deficient in boron, potassium or phosphorus (Raitio 1979 (Raitio , 1981 . The development of thin sclerenchyma cell walls may be a response to nutrient imbalance caused by an excess N supply (Jokela et al. 1995) .
The enhanced formation of secondary phloem in needles with an intermediate or high K concentration compared to needles with a low K concentration may have been a result of enhanced photosynthesis caused by K fertilization (Dünisch and Bauch 1994) . Furthermore, Hartt (1969) showed that K has an important role in photoassimilate transport in the phloem of sugar cane. The formation of secondary phloem but not secondary xylem in Scots pine needles is in agreement with the findings of Ewers (1982) , who reported that cambium in the vascular bundle produces secondary phloem but not secondary xylem in several conifer species including Scots pine.
The finding that the xylem area was slightly larger in current-year needles with a low K concentration than in currentyear needles with an intermediate or a high K concentration is of interest because polyamine transport takes place in the xylem (Bagni and Pistocchi 1991) . Putrescine enhances xylogenesis of xylem cells in Helianthus tuber (Phillips et al. 1988) and it may influence cambial activity in gymnosperms. For example, in the stem cambial zone of Norway spruce, putrescine is the most abundant polyamine during the period of greatest cambial activity in spring and summer (Königshofer 1991) . Although phloem injuries have often been attributed to nutrient imbalance (Fink 1991 , 1993 , Jokela et al. 1995 , 1996 , we found no effect of foliar K concentration on phloem cell integrity. The slightly collapsed bundle sheath cells of needles with a low K concentration may be related to nutrient stress in general or K deficiency in particular. Collapsed bundle sheath cells have been associated with the accumulation of secondary substances, and modifications in the bundle sheath structure have been found in response to fumigation with SO 2 and O 3 (Maier-Maercker and Koch 1992). The decrease in size and number of resin ducts with decreasing foliar K concentration may indicate that the terpene-based defensive mechanism is compromised in trees suffering from K deficiency (Burr and Clancy 1992) .
In our study, foliar K concentration influenced the size of the central vacuole of mesophyll cells but had no effect on the occurrence of tonoplast injuries or lipid accumulation. Lipid accumulations were frequently observed but they were independent of foliar K concentration. They were often located adjacent to the tonoplast, and may indicate tonoplast disintegration (Zwiazek and Shay 1987) or cold hardening during late summer (Holopainen et al. 1992 ). Holopainen and Nygren (1989) observed that K deficiency causes an extension of the vacuolar system in mesophyll cells, fragmentation of the tonoplast and an increase in cytoplasmic lipids in needles of Scots pine seedlings. According to Holopainen and Nygren (1989) , small vacuoles with tannin deposits are associated with K deficiency. We observed many small vacuoles with electrondense material that gave the cytoplasm a vesiculated appearance in needles with a low K concentration. We conclude that the vacuole system may be particularly sensitive to K deficiency, because K is important in osmoregulation (Lüttge and Clarkson 1989) .
Changes in the vacuolar system could also be explained by changes in the polyamine concentration of K-deficient needles. We observed increased concentrations of putrescine and decreased concentrations of spermidine and spermine in needles with a low K concentration (cf. Sarjala and Kaunisto 1993) . Flores (1991) suggested that the accumulation of putrescine, possibly in the vacuole (Pistocchi et al. 1988) , compensates for the decrease in pH of cells of K-deficient plants.
Changes in Scots pine needle structure caused by K deficiency differed from those caused by P (injuries to mitochondrial structure) and N deficiencies (changes in the cytoplasm and chloroplast structure) Holopainen 1994, 1995) . Interpretation of the symptoms of K deficiency is complicated because of the effects of foliar K concentration on the balance of the other macronutrients. For example, needle N was at an adequate concentration for growth in needles with a low K concentration, whereas needles with an intermediate or high K concentration were deficient in N (cf. Paarlahti et al. 1971 , Kaunisto 1987 . Differences between nutrient interactions in Scots pine trees growing in the field and those that occur in seedlings growing under controlled environment conditions may account for the differences between our observations and those reported by Holopainen and Nygren (1989) .
We conclude that foliar K concentration has a small effect on needle morphology. Needles with a low K concentration were characterized by thinner sclerenchyma cell walls, a slightly larger xylem area, less secondary growth of phloem, smaller resin ducts and more collapsed bundle sheath cells than needles classified as containing an intermediate or high K concentration. A large accumulation of putrescine occurred in needles with a low K concentration and was accompanied by the development of a vacuolar system in mesophyll cells.
